The anomalous production of multi-leptons and its
impact on the measurement of Wh production at the LHC

— Yesenia Hernandez Jiménez E—
Institute for Collider Particle Physics and School of Physics - U. Witwatersrand
- INSTITUTE ror v
HEPP Conference. 29-31 January - University of Venda
COLLIDER
PARTICLE

\_m ./
PHYSICS X:j

UNIVERSITY OF THE WITWATERSRAND



Introduction

arXiv:1912.00699

ICPP-030

The anomalous production of multi-leptons and its impact on the measurement of Wh
production at the LHC

Yesenia Hernandez,! * Alan S. Cornell,2: T Mukesh Kumar,!> ¥ Bruce Mellado,'3:§ and Xifeng Ruan?- ¥

Discrepancies in several measurements for
the associated production of the SM Higgs
(h) with a W boson: Wh

q W/Z
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(*) See also talks from B.Mellado and S. von Buddenbrock

Relation with Madala model (*)?
ATLAS, CMS, Run 1 and 2 results

Consider results were pT(h) > m(h) is

not required for combination

Investigate each analysis selection

Compare Vh kinematics with model:
H—S[150]h[125] m(H)=250,260,270GeV

Cover h—WW, tautau, yy decay channels


http://arxiv.org/abs/1912.00699
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h— WW: Run 1 ATLAS
[ J
Signal significance Zg Observed signal strength p
Category Exp. Obs. Obs. u Tot. err. Syst. err. w
A r n O o Zg Zy Zy + — + —
Statistically limited analysis but... -
4 0.41 1.9 ] 4.9 46 31 1.1 0.40 S —
Several channels present excesses 25FOS 018 o | 5.9 68 41 033 072 —p—
- . 1SFOS 0.36 2.5 p— g 81 54 2.1 0.64 ——
located at ~ region as the Higgs = =
34 0.79 0.66 0.72 1.3 1.1 0.40 0.29
1SFOS and 3SF__ 041 0 | —2.9| 27 21 12 092 ——
- e 0SFOS 0.68 1.2 — 1.7 1.9 1.4 051 0.29 e
© 1o E T T T T T T
3 ATLAS dom oeuwenI § OF o . e o
@ BesTov20ant @ B EATLAS o e G 2¢ 059 21 P 37 19 15 11 11 ——
< ss2leponzen gy BT E S5 2-epton (1jet) Sw  Dom DFOS 0.54 1.2 e 2.2 20 19 10 1.1 ——
P g oF SS2jet 017 1.4 e 7.6 6.0 54 32 3.2 ———
2 1% SS1jet 0.27 2.3 r— 8.4 4.3 3.8 23 2.0 S——
E T 1 1 L S N BN N N A ER BN B B R N
0o 1 2 3 10-8-6-4-20 2 4 6 810121416
5 05 1 15 2 25 3 0 05 1 52 25 3
A¢;,'-“i" fradl A¢’” fradl o 0.4¢ T T T T T
"g F [ Hiero» si1sojnits]
3 . . . : . > 0.35:— =18 TeV % Hi260]> S[150lh{125]
4~ Data // Bkg. Uncert. . [ F ) B
S s ATLAS e o Do All channels show signal strength > 1 £ 03 Pymes w3
=~ rs - © E ]
g oo 8w O Exception: 3L 1SFOS/3SF uses mll of 025 E
@ SS leptons as input BDT variable — o2 E
0.15F
Difference in shape btw Vh and H—-Sh o1
BDT discriminates BSM signal 005} ]
=TS0 100 150 200 2 %2040 ""60" 80 100 120 140
m; [GeV] m, [GeV] 4
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h ’ ‘A"A, ° R 2 ATI AS Post-fit results: signal yields
° Un weighted by the observed mu!

T T T T T
—+-Data 77 Uncertainty -4-Data 77 Uncertainty
ATLAS . EWH (u=23)[]Other Higgs ATLAS L EWH @=2.3) [IZH (1=2.9)
(s=13TeV,36.110" [ zsjetsizy EWZWy* Vs=13TeV,36.1 fo"  [Other Higgs Ml WZW7*
WH - Iviviv Owwv mzz WH — Iviviv Ovw mzz
Z-dominated [Ctop-quark [top-quark

+

Only 3leptons (BDT) and 4leptons (cut-based)

channels are analyzed for the 2015+2016 results

Process WH ZH | B d || Em

Z-dominated Z-depleted 1-SFOS 2-SFOS l-
WH 11 16 58 128 _ 5o Bin1  Bin2 Bind Biy
ZH 1.1 +0.6  061+034 33 +1.7 18 +09 .

% o ATLAS -+ Data 7 Uncerainty

WZ/Wy* 40.1 +2.8 1.7 +05 — RN k=
zz* 24 +1.1 027+0.09 0.14+0.14 12 +03 % lsrosdsrs  Ow
4% 1.5 £0.1 0.71+0.11 0.32+£0.05 0.20+0.03 i
1V 1tV 0.14+0.03  0.13+0.03 0.04+0.02 0.03+0.01 L Y WH signal strength
Other top-quark 8.4 +2.6 1.9 +038 — s from the 0SFOS
Other Higgs 031+0.03 0.06+0.01 <001  0.04+0.01 : ——— category alone
Misid. leptons 9.7 +3.4 <0.1 0.19+0.08 0.36+0.12 —— S— would be larger!
Total background [ 62 +5 | [ 47 £1.0)] 0.65+0.17 1.8 +03
Observed 76 10 > 2 1SFOS/3SF category still uses mll in the BDT J

7 =77 T 3 However the signal strength result uses both WH
pwa = 2.375(stat.)")3;(theo syst.)”y5c(exp syst.) = 2.37,7,| | channels so this will be included in the combination



https://arxiv.org/pdf/1903.10052.pdf

arXiv:1312.1129, arXiv:1806.05246

h— WW:Run 1 and Run 2 CM

W/Zh: 2leptons (OS) + 2jets
mjj [65, 105] GeV, |An(jj)| < 1.5, mT[60, 125] GeV,
mil < 200 GeV and |[AR(I)| < 2.5

— Fit mll in 9 bins

Wh: 3leptons + 3v

Split in OSSF and SSSF events
min-MET > 40(30) GeV OS(SS), Imll - mZI > 25 GeV,

mll < 100 GeV, IAR(ll)l < 2

— Fit DeltaR(ll)

CcMS 4917 (7 TeV) + 19.4 fo” (8 TeV)

H— WW (all channels)

it 3
0720
alogy =0.72*3%

m, = 125.6 GeV

212v + 0/1-jet

Ology =0.74%5%

2I2v + 2-jets, VBF tag

Ology, =060 0%

212v + 2-jets, VH tag
Ology =0.39%1%

3I3v, WH tag

— 056412
olog, =0.56% 12

)

=

\_J\_/

-1 0 1

2

w

Best fit for o/og,,

Events / bin

40

>

Excess of data at low mll

20 K}

Similar selection in both analyses

Run 1: y(Wh) < 1 negative

fluctuation -left-

Run 2: y(Wh) > 1 in both

channels -right-

Both results will be included

in the combination

2-jet DF VBF-tagged
u=0.72

2-jet DF VH-tagged
_3.97 2

3-lepton WH-tagged
n=223 "

)

for both Run 1 and Run 2

N
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= +1.88
(an =327 18

19.4 15 (8 TeV) CMS 35.9 b (13 Tev)
T — T ] ‘; F T T 5
[ W and tt ww
* data m' ) m,; =125 GeV 8§ O = Nonprompt oy ]
|~ Howw [l DY+jets eu 24ets, VHtag | = = =
top _g 8 [ [ Higgs —e— Data ]
- wO n % H Systematic uncertainty
W W+ets oL B
W wz+zz+wwv r e ]
3 al- J
NN L i
N [ ]
N St -
L N | — —
3 14
. ° ///
- m H 1.21 { >
‘—m 5 00 }
8 08
50 100 150 200 0 50 150
[GeV]
m,, [GeV] ™
CMs 35.9 b (13 TeV) CMS 35.9 b (13 TeV)
Howw HoWW
0-jet DF ggH-tagged 3108
u=130 32 —— Combination —— Combination
1-jet DF ggH-tagged - +0.21
e i B, =138 0%
2-jet DF ggH-tagged | 1| - sm | e SM
w=082 0% T
-jet SF geH- g 8 y
Ojet S et l';gge: L, =128 M =029 550 H =128
1-jet SF ggH-tagged
=218 0% 1 *

- 157
W, = 1.00 |
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h— 1T

Strategy: Split in tau decay modes

N— Thaat Thad
h— Thag + ?

W always decaying leptonically: W— #v

Two subcategories with 1 or 2 7 (e,mu):
qn 1) ‘g + Thad+ Thad

WH Process

2) L + £ + Thaa
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[
h— 7t:Run 1 ATLAS and CMS
ATLAS V5=8TeV,20.3fb"
Different analysis selection: ATLAS: ZOI O | 46132 ,
- ATLAS: Cut&Based Bigger SHCESSES (u>1)in Z(l) H(—y:,th)— 10435 L |
- CMS: BDT + LT split channels with h — Thaa+ Thad g = ]
W HEt) | 18881 — e
Results from ATLAS included in the combination WM Hom) | 13228 ——e—
CMS results are discarded pT—rvey ;
[ R [ R R T N
65432-1012345¢6738
ATLAS > 80 GeV @ ATLAS > 100 GeV @ Signal Strength () at m,, = 125 GeV
MS Split @ 1 V& ATLAS > 100 GeV & _ f
~ CMS Split @130 Ge ® N © CMS used inBDT @
"é 0.0? T I%H[;m]ﬁs(zso]hnz‘s] ' g g .ag T I IE'I H[27n];sll15£)lh[l12;] ‘ ; g O.QE o o T :I H;27(;]—-IS(150]h[125] E
§ oz Gotor O w-swomen § § O BoroTey ) v-svsmeen | § 0250 fo-roTer = e den= 3 CMS results discarded
g . F {0 vhsm E g . E {Hvhsm E _:a-_' . i T vhsu 3 ) o
B 10 | ® oo 1 - BDT discriminates
0.15;— i o.15£— = 0.15 3 H— Sh signal
ER 1 of =Nng 1 - Split: stat. fit on the SM
oosE | | M 3 oost S 7 Vhwill concentrate in high
R I - E N S I I = e - L
b4 p% 4 pF [GeV] e 50 100 150 200 250
P +p;+P] P, +p; +pl [GeV] S 8
Py + P [GeV]


https://arxiv.org/pdf/1511.08352.pdf
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h— 7t:Run 2 CMS

New approach for Run 2 CMS closer

to ATLAS: cut&based analysis!

N
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Unfortunately no ATLAS Run 2 results delivered yet

10

CMS

WH combined

T
~$— Observed
Cz-a
[ Reducible

= VH, Ho1t (u=2.5)

|

35.9 b (13 TeV)
T

[ wzoaw

- Other

B vH, Hotr (u=25)
Uncertainty

N
o NO

I —+— (Obs. - Bkg.)/ Bkg. = VH, H->tt/Bkg. (1=2.5) .|

o

[

|
o
QLUO !

SRR RS

S © O ©
INENENCING

m, (GeV)

359" (13 TeV)
L A N

=112 +0.53 .
ggH p=1127);

= +0.45
qqH  p=113707

=3.39 +1.68
WH =339 %158

— et

+1.62

ZH w1235

" - +0.29 -
Combined #=124 %7

o

2 4 6
Best fit u = c/cSM

Fit on visible mass of the taus: p(Wh) = 3.39(+1.68)(-1.54)

>
o)
o 03[ T T T T T T T T ] o
5 F [ Hizror- siisoinites) -~
o= [ Hiz60} S[150In[125] ~
5 025 r s -,1 3Tev [ His01- S[150h[125] ] (2]
= hias -—
3 p o £ vesm E c
5 o2f 3 ]
r ] >
osh- >100 GeV | w
L+l +Thad g
0.1— —
oosf- | i Tl =
£ | 1 | 1 P e e E
(AO 60 80 100 120 140 160 180 200 220 240 g)
4t
p;+p; + P} [GeV] Q
(o))
2] 0.3 L B | T L B 4
s [ [ Hiero spisopniizs) ﬂi
ro=_ [ Hi260} S[150]n[125] ]| .
g 0.25 E s = 13TeV [ Hizsopsiisomit2s] 2
g f e (T wew ] o
< 0.2 — ~
15 >130 GeV 1
L+Thad+Thad | 55 =
ot [ e i
0.05] i
0 E --|"'i".: P | I ——— r:
100 150 200 250 300
LA A
P, +p;+p. [GeV]
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h= YY

V H one-lepton
(WH — tvH)

v

VH Eps
(ZH - vwvH; WH — fvH)

'

V H hadronic
(WH — jjH; ZH — jjH)
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T o A Nostsesnessn: IR AR R R AR AR RRn Anass SAARE RN -TE -
g . [ Hi2701— S[150ph{125] ] =] 0_35:_ - H[260]: S[1soh125] _: § C [ Hi270}—> S[150]n(125] ]
2 0.25F (s=13Tev [ Hie60}1-> S[50In[125] f E V(s=13TeV . ] oo [] Hi2601 S[150/n(125] |
% E P?/thiae € :] Cf:::—- S[150Jh[125] E % 0_3;_ Pythia8 :] w:_S?]vv;[;;olh[1251 _; E 0'255 Ff";li:; Tev |:| H[250]— S[150}h{125] E
s oo ] ] o = rel E L..... Wh—>Wyy SM E
2 ] 0.25}- 4 5 oz .
0.15[- E 02 E 0.5/~ 2
- ] 0.15F 3 C ]
o1 g g E 0.1F =
N 7] 0.1:— = C ]
0.05¢ E 0.5 " - 0.05F 3
o: e ot ] T T T e e (i —
0 s 385 4 0 s 300 059620 30 40 50 60 70 80 90 100
p]’ry / m,, P. . [GeV] E1r[1iss [GeV]
CMS Run 1: pT(yy) > 13m(yy)/12 ATLAS Run 2: Split @ 150 GeV All use very high requirements:
Sueoreesi pmog of the va S High region (low bkgs) will contribute ETmiss > 70 - 150 GeV
e d . . . . .
Be pl?iremer?t drobped in Run 2 more in the fit: neglecting H—Sh Category not included in
9 Y Results not included in the combination
combination =
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CMS 35.9 b (13TeV) Vh Hadronic: No requirement on pt(yy) / m(yy)
'H'_”'N' S _.'_ F',er'pr;c;ss'es;b'a' o Vh Leptonic: No use of pT(£+ETmiss)
ggH :02 w019 . SM Prediction |
VBF | 05 my profiled | C™Ms __  359WmT(18Te)
— - Hoyy B Combined 68% CL
tH | 2037 el | —B— Per process 68% CL
WH leptonic | 3077 —a— ggH [1.10%2 “en BT,
ZH leptonic | 0.0 ? — — b= 118 700 —
VH hadronic | 5.1 : - | VBF | 083; m, profiled

Excesses observed in both:
Wh leptonic and Vh Hadronic

Results will be included in the combination
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Combination
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Higgs Vs, L  Final Used in INSTITUTE ror v

Ref. Experiment . Category M Comments COLLIDER. .
. d TeV, b~ stat binati
arXiv:1912.00699 ecey combination ARTICLE
DFOS 2j 22129 v
J oL PRYsICS
. 4.3 P —_ 1.9
% 5815 84753 v 2¢ combinationf u = 3.8 L s
7, 45 SS 2j 76159 v
(17 ATLAS ! o
8,20.3 m. used as in
ISFOS  -2.9%27 x ‘ot tsed a8 TPt
3¢ BDT discriminating variable

0SFOS @ v

C om bi n Ed S i g n al Stre n gt h . "Wong  atias 1361 s SO / 23713 18FOS channel uscs fieoe, In the

<

0SFOS BDT but excess driven by 0SFOS
mu Vh — 2.5 i 0.43 19 OMS 7, 4.9 2¢  DFOS 2 0.397137 v Discrepancy at low ¢
— e 8,194 3¢ 0+1SFOY  0.56743] v
. . 2¢ DFOS 2 3.9271%2 's Discrepancy at low me¢
Deviation from SM: 3.50 moem o nm i sz | ¢
[21] ATLAS 8203 ;ﬁ if""‘ ﬁizg / :
e puT +m . R
Larger Wh production than expected by SM o mm ows P temn A BDT based on 9§ + 77
) ] ] 8,197 20 etptam o\ x Split p&! +p2 + p7 at 130 GeV
- Excesses_ observed in very different final b ows  mme X Cn ( ss9iss ) .
states depending on the SM Higgs decay — *t“ \ /
7’ 5.4 v one-. eion .
- Compatible with multi-lepton discrepancies S T P T 106
33 ronic P e
observed at the LHC _— v one-lepton Split B at 45 GeV
. . [25]  CMS 8' 19'7 oo BES _016+518 x B 5 70 GeV
- Supports the possible existence of new BT Hadvonie P> 13mo /12
physics at the LHC: consistent with Madala model & onelepton o
pr 0 < e
1Y i
[26] ATLAS 13,361 fu,w  EP™ 0.7493 x 150 < Bf™ < 250 GeV

80 < BF* < 150 GeV

Only partial Run 2 dataset (36.1fb-1) analysed so far...

jj  Hadronic BDT used based on m;; and p},

Much more ATLAS and CMS results to come @ o oncionion Ry ——pry Ge‘((’\u=3,0g:g,)
Keep pOSted' [27] CMS 13,85.6 fup  EmIS 24775

ij Hadronic

»

EPs > 85 Ge
n=>51%%3) 14

AN
.ﬁ.a
=
3
-
2
8
&
=1
&
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Thank you!
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Summary .
Run 1
ATLAS 0 H— WW
Run 1 mu_VH_2| = 0.39 +1.97 -1.87,
o H—WW mu_WH = 0.56 +1.27 -0.95, mu_ZH =6.41 +7.43 -6.38
mu_VH = 3.0 +1.3(+1.0) -1.1(-0.7) stat(syst); o Hos tautau
mu_WH= 2.1 +1.5(+1.2) -1.3(-0.8) U VH tag = 0.33 4/ 1.02
mu_ZH = 5.1 +3.8(+1.9) -3.0(-0.9) _vh_tag = -u. -
H—s
o H— tautau ° Yy
mU_VH = 2‘3 +/_ 1.6 mU_VH - '0.16 +/' 0.97
oH—yy Run 2
mu WH=1.0+-16, mu_ZH =0.1+3.7-0.1 o He WW
Run 2 mu_WH = 3.27 +1.88 -1.70, mu_ZH = 1.00 +1.57 -1.00
o H— WW H taut
mu_VH = 2.5 +0.9 -0.8: ° —r’nualilaHt 05 1410
mu_WH=23+12-10, muzH=2.9+19-13 mu_WH = 3.39 +1.62-1.35, mu_ZH = 1.23 +1.62-1.35
0 H— tautau H
Inclusive mu = 1.09 +0.18(+0.26) -0.17(-0.22) stat(sys) ° _r)m)ijH 0441110
o Hs yy B 4+1.1 1.
mu_VH =0.7 +0.9-0.8
17




H— WW: Run 1 ATLAS

Channel 40 3 2£
Category 258FOS 1SFOS 3SF ISFOS ~ 0SFOS DFOS SS2jet SS1jet
Trigger single-lepton triggers single-lepton triggers single-lepton & dilepton triggers
Num. of leptons 4 4 3 3 3 2 2 2
PTeptons [GEV] || > 25,20,15 >25,20,15 >15 >15 >15 > 22,15 > 22,15 > 22,15
Total lepton charge 0 0 11 11 11 0 12 12
Num. of SFOS pairs 2 1 2 1 0 0 0 0
Num. of jets <1 <1 <1 <1 <1 >2 2 1
DT jets [GEV] > 25 (30) >25(30) [>25(30) >25(30) >25(30) | >25(30) > 25 (30) > 25 (30)
Num. of b-tagged jets 0 0 0 0 0 0 0 0
EBs [GeV) >20 >20 > 30 >30 — >20 > 50 > 45
P [GeV] >15 >15 >20 >20 - — - —
lmu - mz| [GeV] <10 (mg,ga) <10 (mb[a) >25 >25 — — >15 >15
Min. my [GeV] || >10 (mgy,) > 10 (mygy,) >12 >12 >6 >10 >12 (ee, pup) > 12 (ee, pup)
>10 (ep) > 10 (ep)
Max. mg [GeV] | <65 (mgee) <65 (mgyyy) <200 <200 <200 <50 — —
g [GeV] > 140 — — — — — — —
prae [GeV] > 30 — — — — — — —
M [GeV] — — — — — < (mz - 25) — —
ARy, - — <20 <20 — — — —
Apyy, [rad] | <25 (A¢?§l°1“) <25 ( ¢§;‘gﬁt) — — — <18 — —
mr [GeV] — — — — — <125 — > 105 (misd)
Min. my;(;) [GeV] — — — — — — <115 <70
Min. ¢y;; [rad] — — — — — — <15 <15
ijj — — — — — <12 — —
|m]'j - 85| [GeV] — — — — — <15 — —

arXiv:1506.06641

18
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arXiv:1506.06641

H— WW: Run 1 ATLAS

Events / bin width

L B B B B L R RN R R R

ATLAS
Vs=8TeV,20.3fb"
3-leptons (OSFOS)

4 Data 7/, Bkg. Uncert.
B v+ (Howw*) [] Other Higgs
. w D Top

O wv oV

05 1 15 2

5 3

5 4 45 5
AR

Iy 1y

Process 4¢ 3¢ 2
Category 2SFOS 1SFOS 3SF 1SFOS 0SFOS DFOS SS2jet SS1jet
Higgs boson
VH (H - WW*) 0.20340.030 0.228+0.034 0.7340.10 1.61+0.18 1.43+0.16 2.15+0.30 1.04+0.18 2.0410.30
VH (H = 77) 0.0084+0.0032  0.0124+0.004 | 0.057+0.011  0.152+0.023  0.248+0.035 — 0.036+£0.008  0.27+0.04
geF — — 0.076+£0.015  0.085+0.018 — 2.440.5 — —
VBF — — — — — 0.18040.025 — —
ttH — — — — — — — —
Background
Vv — — 0.22+0.16 1.9+0.6 0.374+0.15 1444 8+4 1545
14 1.17£0.20 0.31+0.06 1943 28+4 4.740.6 10.1+1.6 11.242.1 26+4
vvv 0.1240.04 0.10£0.04 0.8+0.3 2.240.7 2.93+0.29 — — 0.47+0.05
Top 0.014+0.011 — 0.91+0.26 2.440.6 3.7+£0.9 2444 0.7540.19 1.31+0.5
Others — — — — — 2.3+0.9 . . 0.6040.24
Total 1.30+0.23 0.41£0.09 2244 3416 11.7+1.8 5045 2145 4416
Observed events 0 3 22 38 14 63 25 62

19
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H—o

WW: Run 1 ATLAS

3 o amas | a7 ae o ]
Process % g ¥ E Vs=8TeV,20.3 1" E A E W
Category 2SFOS 1SFOS 3SF 1SFOS 0SFOS DFOS SS2jet SS1jet 2 30 DFOS 2-epton = Dlomes 3
Higgs boson E’ 25 3
VH (H->WW*) | 0203£0.030  0.228+0.034 | 0.73+0.10 1614018  143£0.16 | 2.15+0.30 1.044£018  2.04+0.30 20k 3
VH (H—1r) 0.0084+0.0032  0.01240.004 | 0.057+£0.011  0.15240.023  0.24840.035 — 0.036+0.008  0.270.04 2 E
ggF — - 0.076£0.015  0.085+0.018 — 2.440.5 — - 15E E
VBF — — — — — 0.18040.025 — — 10F E
ttH — — — — — — — — 5E 3
Background - 22222 SSanSenE El
1% — — 0.2240.16 1.940.6 0.3740.15 1444 844 1545
vV 1.1740.20 0.3120.06 1943 2844 47406 10.1+1.6 11.242.1 2644 my [GeV]
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H— WW: Run 2 CMS

Category Subcategory Requirements
Category Subcategory Requirements Preselection - pr1 > 25 GeV, pra > 20 GeV, pr3 > 15 GeV
Preselection - mee > 12 GeV, pr1 > 25 GeV, pra > 13 (10) GeV for e () no additional leptons with pr > 10 GeV
P > eV, p7° > € min-mg+,- > eV, total lepton charge sum
MISS > 20 GeV, pi’ > 30 GeV i 12 GeV, total | h +1
no additional leptons with pr > 10 GeV 3-lepton WH-tagged OSSF no jets with pr > 30 GeV
electron and muon with opposite charges no b-tagged jets with pr > 20 GeV
2-jet VH-tagged e at least two jets with pr > 30 GeV p'T“iss > 50 GeV, min-my+,- < 100 GeV
two leading jets with || < 2.5 Z boson veto: |meg —mz| > 25 GeV
60 < mr < 125 GeV and ARy < 2 Ag(eee, prs) > 2.2
no b-tagged jets with pr > 20 GeV SSSF no jets with pr > 30 GeV
65 <mjj <105 GeV and |Anjj| <3.5 no b-tagged jets with pt > 20 GeV
Ad(Lee, piss) > 2.5
- cmS 359 b (13 TeV) cmMs 359 b (13 TeV)
Category Subcategory Requirements — . . : —
o o —
Preselection - four tight and isolated leptons, with zero total charge < -x" < E
pr > 25 GeV for the leading lepton E wz E _E
pr > 15 GeV for the second leading lepton 5 o+ pam 5 E
pt > 10 GeV for the remaining two leptons 5 5 E
no additional leptons with pr > 10 GeV -
Z dilepton mass > 4 GeV 3
X dilepton mass > 4 GeV E
no b-tagged jets with pt > 20 GeV 1
4-lepton ZH-tagged XSF |mee —mz| < 15 GeV E
10 < my <50 GeV E
35 < pP™** <100 GeV 2 2 O
four-lepton invariant mass > 140 GeV é é %,
s 5 %
XDF Imge —mz| < 15 GeV 8 a8 i
10 <mx < 70 GeV ] o4
p—,rmss = 20 GeV min AR, min AR,
Fig. 6. Postfit ARy, distribution for events in the three-lepton WH-tagged category, split into the OSSF (left) and SSSF (right) subcategories.
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H— WW: Run 1 ATLAS

3 leptons: 1SFOS and 3SF — BDT INPUT VARIABLES

BDT input discriminating variables which provide the best separation between signal and

background are the|pt of each lepton, the magnitude of their vector sum, the invariant

masses of the two opposite-sign lepton pairs (myye,, Myye,), ARge,, EF5, and pf™ss| In

the fit, the shape of the distribution of the “BDT Score”, divided into six bins, is used to
extract the number of observed events in the 3/-3SF and 3/-1SFOS SRs, while the shape of
the distribution of ARy, , divided into four bins, is used to extract the number of observed
events in the 3/-0SFOS SR. In the other channels only the event yield in each signal and
control region is used without shape information.
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H— WW: Run 2 ATLAS

Events /0.4

WH ZH

Preselection 3 isolated leptons (pr > 15 GeV) 4 isolated leptons (pr > 10 GeV)

total lepton charge +1 total lepton charge 0
Category Z-dominated Z-depleted 2-SFOS 1-SFOS o
Number of SFOS 2orl 0 2 1 g
Number of jets <1 — <1 <2 g
Number of b-jets 0 0 0 0
EXss [GeV] > 30 — > 45 —
py [GeV] — — > 45 —
mee [GeV] > 12 (min. SFOS) — > 10 > 10 s
|m” - mzl [GeV] > 25 (SFOS) —_ <10 (mgzg3) <10 (mle’s) g
Mgy, [GeV] _ —_ <55 <60 “
A¢'§(‘)’ZS‘ — — <23 <19
mer [GeV] — — — <50
Adye,, Emis [rad] — — — > 0.4
mae [GeV] — — > 140 —
BDT BDTz4om > 0.3 BDT,{ > 0.2 & BDTwz > 0.15 —_ _

140
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120

100

USRI RS IR RN I RN IR R
ATLAS 4 Data 7 Uncertainty |
Vs=13Tev,36.1 7" [ 2z B wz/wy'
WH - iviv 0 vw [ top-quark 1

[z+ets/ zy It WH x30

Z-dominated

Events /0.2 rad

F ATLAS

—4- Data 3
Vs=13TeV, 36.1 fb" 77 Uncertainty
FzH > v [ Mis-ld E
[ 1-sFos [ tiz E
. vw

| zZz E

Data/Bkg

Only 3leptons (BDT) and 4leptons (cut-based)
channels were analyzed for the 2015+2016 results

2
o
g’ 1
" l|+|.l|T.Tl | IR R
0 0.5 1 15 2 25 3
AP ens [rad]
30 A‘lrLA‘s T T T T T T T S 40 T T T T T T T T T
-4~ Data 77 Uncertainty N p .
25F (5=13Tev,36.1%" [ top-quark (] vV 2 asp ATLAS 4 Dam 7 Uneerany
e B wz/w E 2z g s=13Tev, 361" [ top-quark [ VW
WH - viviv T e & 30F WHos i B wz/wy' Wl 2z E
20| Z-depleted Lot Z-depleted I71WH x10
25F E
20F E
15F P
10f F
sk
3’ g T T T T T T T T
o
g 4 1
3 8 gipf 4 B
5' 1 ‘ PPy ¢ o + + l
9 A =T T %o % * i
-1 -08-06-04-02 0 02 04 06 08 1 s 060402002 04 056 08
BDT, BDT,,
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Table 7: Input variables of the three BDT disciminants used in the 3¢ channel.

H _’ WW. Run 2 AT MS Input variable Z-dominated Z-depleted
o BDTwz BDTy;

I=p7

3 leptons: BDT input variables mege,
ARygye,

Lepton nomenclature i

(I011 assumed from H decay -see slide 4-) Arvz;nez

my
Py
|0: lepton with different charge Py
123

I1: lepton closest to lepton 10 M1

Mee
. . |do,sig,min|

|2: remaining lepton siemin
IdO,sig,midl
Fy
BDTypr, output for fypr.
pim
memecloc
Nijet
pjlead

me, £,

X X

P T T B B
>
» »

I T - T B T B

B T B B
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arXiv:1312.1129

CMS 19.4 o™ (8 TeV)

c o . L B S S S B s e
e

° = * data ww m,=125GeV |

un £ —Howw MDYl g e, Vi tag

( F ]
2
i}

s0l- e | Accumulation of data at
. L B I | | low mil but limited

W/ZH: 2leptons + 2jets _ ' statistics with Run 1
mjj [65, 105] GeV, IDeltaEtajjl < 1.5, 20 RNN— :
mT [60, 125] GeV, mll <200 GeV and DeltaR < 2.5 | N |
— Fit mll in 9 bins = ]
0 50 100 150 200
\ m;, [GeV]

. CcMS 194" (8 TeV) CMS 19.4 fb' (8 TeV)
Y/H: Sleptons + 31 R e AV T e vt )
Split in OSSF and SSSF events £ el BT s | g T B s
min-MET > 40(30) GeV OS(SS), Imll - mZI > 25 GeV, e . ] G ol W ]
mll <100 GeV, DeltaRIl <2 10 i
— Fit DeltaR(ll)
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arXiv:1312.1129

H— WW:Run 1 CMS

CMS 4.91f0" (7 TeV) + 19.4 fo'' (8 TeV)

| m,=1256GeV.

H— WW (all channels)

olog, =0.72+ 3%

212v + 0/1-jet

ology, = 0.74* 52

212v + 2-jets, VBF tag

olog,, = 0.60" 35

212v + 2-jets, VH tag

olog, =0.39%1%

3I3v, WH tag

_ 2
olog,, =0.56* 127

1 0 1 > 3
Best fit for o/oSM

mq[GeV]  ggH  VBR+VH Data Allbkg.  WW +‘;’/ny _Z)ZZ , EHW Wejes
8TeV ey final state, 2-jets category, VH tag
125 (shape) | 286+092 230+018 136 129+15 283+62  82%13 67113 239+48
Selection stage HVX)HTT H X)VI_VIVW Data  Allbkg. Wz Non-prompt
8 TeV SSSF final state, WH — 3£3v category
3lepton requirement 0.72 £0.08 1.64 +021 71 837130 788+£030 66.8+29
Min-MET >30GeV 041 £006 121+0.18 43 602+25 516+024 484+£25
Z removal 041 +006 1.21+0.18 43 602+25 516+024  484+25
Top-quark veto 029+005 1.02+£017 7 10414097 284+0.18 6.60 %+ 0.95
ARyig- &my | 023+005 1.00+£020 6 69+20 171+016 46+20 |

8Tev OSSF final state, W1 — 3¢3V categoty

3lepton requirement 1.95+0.12 6.08 £ 041 4340 4224421 20427 +48 1369.0+13

Min-MET >40GeV 091 +£0.09 3.47+030 1137 11409+6.0 9000+32 1499+49
Z removal 0.56 +£0.07 269+027 153 1553+34 59.1+08 799 £33
Top-quark veto 035 +0.05 2144023 45 47.7+13 349 £0.6 9.6 +1.2
ARy p- &myy | 030+006 210+£034 33 33.2+34 240+ 14 72+31
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H — ta UtaU: Run 1 ATI-AS Strategy: Split in tau decay modes

Channel Selections
W — pv/ev, H — TiepThad Exactly one isolated electron and one isolated muon H - tau—had + tau—h ad
Exactly one Tp,q passing medium BDT ID H— tau had + tau |ep
PT(Thad) > 25 GeV - -
Same-charge e and y, oppositely charged Thaq while V always decaying leptonically: W— v/ Z— ||

Events containing b-tagged jets with pt > 30 GeV are vetoed
|P1(Thad)l + [T + IPT(€)] > 80 GeV

AR (i, Tiep) < 3.2 . Two subcategories in each channel
W — puv/ev, H — ThagThag Exactly one isolated electron or one isolated muon
Exactly two Th,g passing medium BDT ID of opposite charge WH: 1 or2 |ept0nS (e, m U)
P1(Thaa) > 20 GeV ZH: 2 or 3 leptons

Pr(ti,l + Ip1(2, )l > 100 GeV

mr(¢, ET') > 20 GeV

0.8 < AR(t} 4, Th,q) < 2.8

Events containing b-tagged jets with pr > 30 GeV are vetoed
Z — ppfee, H — TiepThag  Exactly three electrons or muons,

One opposite-charge and same-flavor lepton pair

with invariant mass 80 < mg, < 100 GeV

Table 5: The yields for the observed and expected background and signal for a 125 GeV Higgs boson in the signal
region for each individual channel. The "other" column consists primarily of background from ¢f events. The
uncertainties quoted are statistical only.

Exactly one Tpaq passing medium BDT ID, with opposite charge Channel Obs. Signal X Background Fake Factor Diboson Other

to the lepton assigned to the Higgs boson Wopviev, H- Tyt 35 1954005  324+19  131+13 1354+035 57+14

P1(Thad) > 20 GeV Wouvfev, H- TpgTheg 33 1.84+£004  355+27 281+24 74112 -

|PT(Thad)| + |P1(T1ep)| > 60 GeV Z—pplee, Ho mgptnyg 24 1142003 246+15 17.01+15 728016 020+0.01
Z — pujee, H — ThagThad  Exactly two electrons or two muons of opposite charge Z > ppfee, H > TnygTnyg 7 064£002 6.8+1.2 4712 209009 0.012+0.003

Exactly two Th,g passing medium BDT ID of opposite charge

P1(Thad) > 20 GeV . .

60 < my; < 120 GeV Fit to the MMC (M2T) shape in ZH (WH)

Ipr(rp )l + Ipr(af, )l > 88 GeV 27
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H— tautau: Run 1 ATLAS

> L L B B B L B BN > L L B L B B LR B
[ E 4 [
E Data 3 E Data 3
S 18F ys-8Tev,2031" ° pyu (125 GeV) 1 S 8 ys-8Tev,203" ° (125 GeV)
¥ 46k mm Fake Factor BG T mn Fake Factor BG |
£ [ gﬁ ] 2 r Diboson
ers
T T T T T T T T T T T T1 2 = 5 M Eg’y‘;‘f’fsta‘_
- syst. + stat. E
-1 B
ATLAS Vs=8TeV,20.3 fo W) Homs) | W) Hiot)
Z(>I)H-rr) | 4643.2 : .

Z(-I) H(>tr)| 1.0+35

60 80 100 120 140 160 100 120 140 160 180 200

PENPEREET Torrrrr

W) Hotg) | 18431 o Mo Hartoe
i : ) 2 B ] i B B B BRI BN 2 8""I""I""I""I""I""
W) Hi-tg) | 1.3£2.8 — T O gf Vs-8Tev,2031" * Diioscer) | S Fys-eTev,203f" 2% oscey ]
© F mn Fake Factor BG ] © 7E mn Fake Factor BG
B N 2 quf mzz . 8 mzz
H S r mm Others S E m Others
Combination| 2.3+1.6 ..._._. g 2 - syst. + stat. ] & 65‘ - syst. + stat.
L1111 Lo 1 03_ ATLAS ] 5[ ATLAS Z(-ll) H(>)
6543210123 45¢6 738 F Z(=1) H(>1,) na E
Signal Strength (u) at m,, = 125 GeV E ;
Bigger excesses in channels with H— tau_had + tau_had g
mu >= 1 fOI’ all cases 50 100 150 200 250 300 % 50 100 150 200 250 300
My [GeV] Mywc [GeV]

Unfortunately, no ATLAS Run-2 analysis (yet) = Only ggf+VBF in Run-2 hiips//aniv.ora/odi/1811.08856 pdf 28
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H— tautau: Run 1 CMS

o WH: | + L tau_had

o ZH: Il + LU
where | = e,mu and L = | or tau_had

— | +|’tau_had channel
- II’are SS to reduce Z and tt
- Splitin LT <(>) 130 GeV

= |l + LU
- llare OSSF
- Splitin LT(LL) = pT(L) +
pT(L) >25-70 GeV
depending on the lepton

flavour
HaVOLH

dN/dm,,_ [1/GeV]

dN/dm,,_ [1/GeV]

1.0

0.8

0.6

0.4

0.2

CMS, 19.7 b at 8 TeV
A S Y

50 100

CMS, 19.7 fb™' at 8 TeV

—&— Obst
D SM H(125 GeV)> WW
wz

SM H(125 GeV)-> 7t
erved

Bz
[ Reducible bkg. 3
222 Bkg. uncertainty

I+t low L,

""""" 200

m,, [GeV]

P12 D at

I+,

sm H(125 GeV)—> L
—&— Observed 1
Cwz
Bz
[ Reducible bkg.

EZZ3 Bkg. uncertainty

dN/dm,,_ [1/GeV]

dN/dm,, [1/GeV]

CMS, 19.7 fb" at 8 TeV
PSS AR,

CMS, 4.9 fb' at 7 TeV, 19.7 fb" at 8 TeV

..... - SMH(135Gev)s 1t | !
0.8F —@— Observed - 125 GeV 0
D SM H(125 GeV)> WW. - m, = e -
07f —awe E — " jet
Bz : 0.34+1.09
[ Reducible bkg. H
0.6F 223 Bkg. uncertainty -] :
05 I+t highL, 1-jet
04 T 1.07+0.46
0.3 :
02 § 2-jet (VBF tag)
0. : 0.94+0.41
00 50 100 150 200 f ” LL' + 4L
: + + [+L7
. [Ge . : h
m,; [GeV] : -0.3341.02
cMs, 19.7fb'at8TeV
T SM H(125 GeV)- :
16 I+ LL —e— Observed J . | H-1t
1k = :rumseav;-)ww_ +5 0.78+0.27
[ Reducible bkg. N : " 1
1.2 [E5555) Bkg. uncertainty ] 0 2 4
1.0 H
Best fit u

0.8

0.6
0.4

0.2

mu VH

-0.33 +/- 1.02
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H— tautau: Run 1 CMS

In the £ + 1,73, channels, the background from QCD multijet, W + jets, and Z + jets production
is suppressed using a BDT discriminant based on the E®® and on kinematic variables related
to the 7,7, system. With 7,; and ’l’hz denoting the 1, with highest and second-highest pr,
respectively, these variables are py™, pr’, AR(Th1, Tno), and pr"™*/(pr + pr). For the
chosen threshold on the BDT score, the signal efficiency is ~60% whereas the efficiency for the
reducible background components is ~13%.

In the £ + ¢'1 channels, the large background from Z and tt production is strongly reduced
by requiring the £ and ¢’ leptons to have the same charge. For the 7 TeV dataset, the require-
ment Lt = p& + p& + pp > 80GeV is imposed to further suppress the reducible background
components. For the 8 TeV dataset, the Lt variable is instead used to divide the data into two
event categories, one with high Lt (>130GeV) and one with Iow Lt (<130 GeV). The Z+ jets

30
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H— tautau: Run 2 CMS
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H— yy:Run 1 ATLAS

| 1T |
Central low P,
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H_’ yy: Run 1 CMS CMS H- vy 19.7 6" (8 TeV) + 5.1 o™ (7 TeV)

ggH | 112703 i =1.14 )%

combined
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Py > 3y, /8
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VBF | 1.58 7 4
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H— yy: Run 2 ATLAS

Category Selection
VH dilep Niep = 2,70GeV < mge < 110GeV
VH lep High Niep = 1, My — 89GeV| > 5 GeV, p?E > 150 GeV
VH lep Low Nigp = 1, [mey — 89 GeV| > 5GeV, pMET < 150 GeV, E,}"iss significance > 1
VH MET High 150GeV < Emlss < 250 GeV, Erm“s 51gmﬁcance > 9 or Ef" > 250 GeV
VH MET Low 80GeV < Emlss < 150 GeV, ET"S significance > 8
VH had tight 60 GeV < mjj < 120GeV, BDTyy > 0.78
VH had loose 60 GeV < mj; < 120GeV, 0.35 < BDTyy < 0.78
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H— yy: Run 2 CMS

5 categories exploiting the presence of
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H— yy: Run 2 CMS

e leptonic Z decays (ZH Leptonic):

e leading photon pr > 3m,, /8, subleading photon pr > m,,/4;

e diphoton classifier BDT score greater than 0.11;

¢ two same-flavour leptons within the fiducial region, pr > 20GeV; elec-
trons and muons are required to satisfy the same identification criteria as
for the ttH Leptonic category;

e dilepton invariant mass my in the range 70 < my; < 110GeV;

e R(v,e) > 1.0, R(y,u) > 0.5, for each of the leptons;

e in addition, a conversion veto is applied to the electrons to reduce the
number of electrons originating from photon conversions, by requiring
that, when an electron and a photon candidate share a supercluster, the
electron track is well separated from the centre of the supercluster:
R(supercluster, e-track) > 0.4.

e leptonic W decays (WH Leptonic):

e leading photon pr > 3m,, /8, subleading photon pr > m,,/4;
e diphoton classifier BDT score greater than 0.28;

e at least one lepton with pr > 20 GeV; electrons and muons are required
to satisfy the same identification criteria as for the ZH Leptonic category;

¢ R(7,£) > 1.0 and conversion veto as in the ZH Leptonic category;
e missing transverse momentum p > 45 GeV;
e up to two jets each satisfying pr > 20GeV, || < 2.4, R(jet,£) > 0.4, and

5 categories » SELECTION

R(jet,v) > 04;

e W or Z leptonic decays, relaxed selection (VH LeptonicLoose):

e as for WH Leptonic with the requirement on the missing transverse mo-
mentum to be pi* < 45GeV;

e W or Z leptonic decays, with at least one missing lepton (VH MET):

e leading photon pr > 3m,, /8, subleading photon pt > m,,/4;
e diphoton classifier BDT score greater than 0.79;
e missing transverse momentum pTiss > 85 GeV;

e angle in the transverse plane between the direction of the diphoton and
the PSS Ag(yy, priss) > 2.4;

e hadronic decays of W and Z (VH Hadronic):

e leading photon pr > m., /2, subleading photon pr > m,, /4;

e diphoton classifier BDT score greater than 0.79;

e atleast two jets, each with pr > 40GeV and |y7| < 2.4, R(jet,y) > 0.4;

e dijet invariant mass in the range 60 < m;; < 120 GeV;

e |cos6*| < 0.5, where 6* is the angle that the diphoton system makes, in
the diphoton-dijet centre-of-mass frame, with respect to the direction of
motion of the diphoton-dijet system in the lab frame. The distribution of
this variable is rather uniform for VH events, while it is strongly peaked
at 1 for background and events from ggH production.
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